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Introduction
Ongonite and topazite, described frequently in the 1970s (Eadington and Nashar, 1978 , Kovalenko et al., 1971 and Kovalenko et al., 1975 , are two unusual types of felsic rock that are rich in rare elements. They are characterized by volcanic to shallow-intrusive textures, and abundant volatile-rich minerals (mainly topaz). Ongonite is defined as the phenocrystic subvolcanic analogue of granite that is rich in the rare elements Li and F (Kovalenko and Kovalenko, 1976) . Topazite has been used in reference to felsic dikes that consist mainly of quartz and topaz, for which mineralogical, textural, and field relationships suggest a magmatic origin (Eadington and Nashar, 1978) . Mineralization associated with these two particular types of rock has been described from many localities worldwide. Examples include W deposits associated with F-rich rhyolites (ongonites) from Ongon Khairkhan, Mongolia (Štemprok, 1991) , the type locality of topaz rhyolite with W, Nb, Ta, and Sn mineralization (Burt, 1992) , similar to topaz-albite granite, e.g., Limu in Southern China (Zhu et al., 2001) , the French Massif Central (Cuney et al., 1992) , Southern New Brunswick, Canada (Taylor, 1992) , and the Eastern Desert, Egypt (Helba et al., 1997) . The mineralization associated with topazite in Southern China is complex but dominated by Sn, such as deposits at Shicheng, Xunwu, Huichang, Yanbei and Taishun (Liu et al., 1996) .
Although both ongonite and topazite are F-rich peraluminous rocks, their coexistence is not common. Kortemeier and Burt (1988) reported the first example of ongonite and topazite dikes occurring together in the Flying W Ranch area, Arizona, and they considered the rocks to be dominantly magmatic with fluorine-controlled transitions for both the ongonite and topazite, according to field, textural, mineralogical, and geochemical criteria. However, the ongonite and topazite in that area are not strongly mineralized.
The No. 431 dike in the Xianghualing tin district of southern China contains both ongonite and topazite in spatial association (Chen, 1984 , Du and Huang, 1984 , Zhu and Liu, 1990 and Zhu et al., 1993 , and the typical mineralization involves Nb, Ta, and Sn. The coexistence of both ongonite and topazite in such a small-scale dike provides a unique opportunity to compare the rare-element mineralization in the two rock types. Our objective was to determine if the two rock types represent co-magmatic melts, and if so by which mechanisms they formed? Most interestingly, how can we explain the mineralization of these two different types of rock? We report comprehensive major and trace element whole-rock data, as well as detailed petrographic observations and mineral compositional data determined using electron microprobe analysis (EMPA). We evaluate the genetic relationship between ongonite and topazite exposed in a narrow dike, and discuss differentiation trends, particularly the coupled fractionation of F with Nb-Ta-Sn and the role of liquid immiscibility in their distribution between ongonite and topazite. We explore the potential role of oxides as an efficient container of rare metals and as a monitor of changes in fluid composition in mineralized highly-evolved silica systems. We believe that a detailed study of this kind provides an excellent framework for future investigations using advanced and new, evolving analytical techniques, particularly those targeting melt inclusions of the various mineral populations. Modified after Zhu et al., 2011 Ground (or near-surface) trenches and subsurface drillings were carried out in the early 1970s in order to investigate the dike. Earlier work had described the dike as heterogeneous, and it was classified as a topaz-bearing felsophyre and aplite (Du and Huang, 1984) , but the later work of Zhu and Liu (1990) showed that the dike contains at least two major rock types, ongonite and topazite.
The samples we describe in this paper were collected from the No. 431 dike at two different locations. They capture the apparent petrographic variations both vertically and horizontally (Fig. 2) . On the unexposed western side of the dike, the No. 840 drill revealed ongonite between depths of − 87.4 m and − 96.3 m. The samples acquired from the eastern side of the dike are exposed in the No. 5 exploratory trench. They contain spatially associated ongonite, occurring at the core of the upper dike, and topazite, occupying the marginal zones of the upper dike (Huang et al., 1988) . Thus, ongonite appears throughout the dike, revealed both as lower ongonite in the subsurface drill hole and as upper ongonite in the near-surface trench, whereas topazite is only found in the upper part of the dike. (Kovalenko and Kovalenko, 1976 and Štemprok, 1991) . We further note that the marginal zone of lower ongonite (against the country rocks) is enriched in F and Li relative to its core zone (i.e., samples 10-11-20 versus samples 12-14; Table 1 ). Moreover, two slight differences in the major element contents between the lower and upper ongonites should not be ignored. Compared with ongonite in the near-surface, lower ongonite has higher contents of FeO t and CaO (up to 3.03 and 1.00 wt.%, respectively), possibly corresponding to the higher mica and fluorite abundances. Relative to the ongonites, the topazite has a lower SiO 2 content, ranging from 56.57 to 63.08 wt.%, and higher Al 2 O 3 content (up to 27.77 wt.%, average of 25.14 wt.%) and significantly higher F contents (up to 6.22 wt.%, average of 5.44 wt.%). The whole-rock SiO 2 content and FeO t /MnO decrease from lower ongonite to upper ongonite and topazite in the No. 431 dike, while Al 2 O 3 inversely increases (Table 1) . Compared to the ongonite rocks, the Na 2 O content of the topazite is extremely low (< 0.08 wt.% versus 3.80-6.88 wt.% for ongonites) while K 2 O contents are relatively high, but variable (3.56-5.57 wt.% versus 1.05-4.59 wt.% for ongonites). 
Mineral chemistry

Feldspars
Feldspars, including K-feldspar and albite, are common in the ongonites but absent in the topazite. In the ongonites, K-feldspar exists mainly as subhedral phenocrysts up to 1 mm long, and locally it encloses albite. All K-feldspar has low Ab contents of 1.8-3.2 mol%. Albite occurs mostly as euhedral to subhedral tabular phenocrysts, but may also be included within K-feldspar or quartz to form a snowball texture which is usually observed in granites rich in rare-elements (Huang et al., 2002 and Pollard, 1989) . Compositionally, the feldspars in the ongonites are nearly pure end members (K-feldspar has 1.79-3.18 mol% Ab, and albite has 97.00-99.1 mol% Ab) ( Table 2 ). Note: -: Below detection limits; structural formulae of topaz were calculated on the basis of (Al + Si = 3).
Mica
In the ongonites, mica occurs as phenocrysts about 0.1 to 1.5 mm in size, and is also present in the groundmass. But it is not as abundant as in the topazite, and it is only locally found as one of main rock-forming minerals. According to electron-microprobe analyses, the micas in the ongonites and topazite mostly classify as zinnwaldite, together with minor lepidolite and rare lithian muscovite (following the classification of Foster, 1960a and Foster, 1960b) . The FeO content of zinnwaldite in the lower ongonite may be up to 16.88 wt.%, while that in the upper ongonite from the trench is 6.62 wt.%, close to the composition of lepidolite. In contrast, the MnO content is highest in upper ongonite (up to 2.78 wt.% MnO), but very low in lower ongonite (only up to 0.95 wt.% MnO). Zinnwaldite from the topazite has FeO and MnO contents of about 10 wt.% and 1.9 wt.%, respectively, and the composition is similar to the micas in the coexisting ongonite. The F content of the zinnwaldite is on average 5.71 wt.% in lower ongonite from the drill hole, while in upper ongonite and topazite from the trench the values are higher, with averages of 8.89 wt.% and 8.17 wt.%, respectively (Table 3) . Tindle and Webb (1990) and Monier and Robert (1986) , respectively.
Topaz
Topaz is only observed as an accessory mineral in the ongonites, but it is one of the main rock-forming minerals in topazite, where it can reach approximately 30 vol.%. Two kinds of topaz crystal are found in the ongonites of the dike: short prisms in lower ongonite and fine acicular crystals in upper ongonite. They usually coexist with other rock-forming minerals in the groundmass. In the topazite, topaz occurs dominantly as small grains in the groundmass, rarely as phenocrysts, but it also forms aggregates with cassiterite (see below). Radial arrays of needle-like topaz characterize the groundmass, of which some are included in quartz phenocrysts. In addition, EMPA results indicate that the topaz is fluorine-dominated with F contents of 18.88 to 21.67 wt.% (Table 2) .
Niobium-tantalum oxides
Nb-Ta oxide minerals in the No. 431 dike include the columbite-group minerals which are always present, and the rarely observed tapiolite and microlite. The columbite-group minerals are present in all the ongonites and topazite to different degrees. Only a small amount of tapiolite is observed in lower ongonite, while microlite occurs in the ongonites as well as the topazite. Most of the Nb-Ta oxides are present in association with rock-forming minerals such as quartz, albite, and mica. Approximately 400 electron-microprobe analyses were obtained from about 80 Nb-Ta oxide grains in the studied ongonites and topazite, and representative results are presented in Table 4 . 
Niobium-tantalum oxides in ongonite of the lower dike
Columbite-group minerals appear in lower ongonite of the dike mostly as fine grains less than 300 μm in size, which are commonly interstitial to the rock-forming minerals. Sometimes the columbite contains inclusions of quartz and topaz, indicating its simultaneous crystallization with those rock-forming minerals (Fig. 6 ). Progressive zoning is occasionally observed in some crystals, characterized by increasing brightness in BSE images (Fig. 6a) . In particular, the grains commonly display < 20 μm wide, very bright rims (Fig. 6a, b Microgranular aggregates in the marginal zone of lower ongonite make up the second-most important occurrence of Nb-Ta oxide minerals. Back-scattered electron images demonstrate that tantalite-(Fe) and tapiolite are the main minerals in the centers of the aggregates, and these are surrounded by many irregular microlite grains (Fig. 6c, d ). Uraninite and fluorite may also be found in this complex association. (Fig. 6e) . The third main mineral in the aggregates is microlite, containing 8.69 wt.% Na 2 O, 5.54 wt.% CaO, and 6.23 wt.% UO 2 on average (Table 5 ). In addition, the fluorine content of the microlite in subsurface ongonite is up to 4.23 wt.%, the highest of all the microlites from the different rocks of this dike. In summary, the Nb-Ta oxides display an overall Ta dominance toward the marginal zones of lower ongonite of the dike, especially for the structurally highest level, characterized first by the appearance of Ta-dominated minerals such as tapiolite and microlite, and second by the overall increasing Ta # value in the columbite, as revealed in Fig. 7 . 
Niobium-tantalum oxides in ongonite of the upper dike
In comparison with the lower ongonite of the dike, the columbite-group minerals in upper ongonite are compositionally simpler. Intergranular subhedral tabular crystals up to 100 μm long (Fig. 8a) (Fig. 8b) and/or rutile + zircon, and these grains are commonly 10-50 μm in size. They have distinctively high values of Ta # and Mn # , ranging from 0.32 to 0.37 and 0.91 to 0.94, respectively. All the columbite group minerals found in upper ongonite are columbite-(Mn), and the latter two kinds of Nb-Ta oxide minerals share close positions in the columbite-tantalite quadrilateral diagram (Fig. 8c) . The associated microlite is characterized by high UO 2 contents up to 15.36 wt.% but low Na 2 O and CaO levels. It could therefore be classified as uranomicrolite according to the classification suggested by Hogarth (1977) and Černý (1989) . Tantalian rutiles are only found in upper ongonite as euhedral-subhedral crystals in aggregates of Nb-Ta oxide minerals, and they contain up to 21.92 wt.% Ta 2 O 5 and trace amounts of Fe, Mn, Sn, and W.
Niobium-tantalum oxides in topazite
In the topazite, columbite-group minerals are fewer and smaller in size (10-15 × 10-30 μm), and they commonly occur as subhedral crystals associated with microlite or hubnerite (Fig. 9a, b) . Chemical analyses show that the columbite-group minerals also correspond to columbite-(Mn) in the classification diagram (Fig. 9c) . Overall the Ta # and Mn # values of columbite-(Mn) in topazite overlap those in the associated upper ongonite. Subhedral to anhedral microlite is present along with the columbite-(Mn), and it is rich in uranium with up to 17.46 wt.% UO 2 , which means it can be classified as an uranomicrolite. The association of columbite and microlite is consistent with the assemblage observed in the spatially associated ongonite. 
Cassiterite
Cassiterite is almost absent in lower ongonite and scarce in upper ongonite. It occurs as anhedral crystals or fine veinlets along zinnwaldite cleavages. In contrast, in the topazite, cassiterite is abundant as an accessory mineral. According to the textural evidence and mineral compositions, two main types of cassiterite may be distinguished in the topazite: disseminated and aggregated cassiterites, and they are considered below (Table 6 ; Fig. 10 After Tindle and Breaks, 1998. (1) Disseminated cassiterite occurs as independent euhedral to subhedral granular crystals (10-20 μm across), either in the interstices between topaz and quartz, or in a mineral association with zircon, columbite-(Mn), hubnerite, and/or microlite (Fig. 10a) . The composition of this type cassiterite is similar to that of magmatic cassiterite in pegmatites rich in rare metals (Černý, 1989 and Neiva, 1996) , and it is characterized by significant amounts of Ta (2) Aggregated cassiterite is typically present as micron-sized crystals in aggregates with needle-like topaz ( Fig. 10b-d ). This type of cassiterite has low levels of trace elements (less than 1 wt.%) (Fig. 10e) . Moreover, minor amount of galena is locally found included in cassiterite aggregates, suggesting their crystallization was part of a later hydrothermal process.
Varlamoffite
Varlamoffite is a hydrous Sn mineral only found in the topazite. It usually occurs in cavities, and occasionally it is associated with cassiterite. It contains 44.55 wt.% SnO 2 and 23.18 wt.% FeO, on average, and probably about 30 wt.% H 2 O.
Discussion
In this part, we first discuss the magmatic fractionation of the composite ongonite-topazite dike using mineral assemblages and their textures as well as whole-rock compositional data. We then evaluate mineral-scale textural and compositional evidence for the fractionation of the volatile and incompatible elements F and Nb-Ta-Sn. Lastly, we discuss mechanisms that may have driven the spatial segregation of magmas that crystallized to ongonite and topazite.
Co-magmatic relationships between ongonite and topazite in the Xianghualing No. 431 dike
Although both ongonite and topazite have equivalents among granitic rocks that are rich in rare elements, their coexistence was only described in 1988 from the Flying W Ranch of Arizona (Kortemeier and Burt, 1988) . In addition, Johnston and Chappell (1992) also described co-magmatic, topaz-bearing aplite (very similar to ongonite) and topazite. They suggested their co-magmatic origin on the basis of petrographic investigations, in spite of their presence in different dikes. The Xianghualing No. 431 dike exposes coexisting ongonite and topazite in a very small scale dike (less than 18 m wide). The ongonite and topazite of the No. 431 dike have highly evolved compositions with ~ 1.1-6.2 wt.% F, ~ 750-6250 ppm Li, and an ACNK index of > 1.1 to ~ 6.9, where the degree of differentiation increases from lower ongonite over upper ongonite to associated topazite. Additionally, both Nb/Ta and Zr/Hf ratios decrease in the same order. Compositionally, the ongonite and topazite rocks are very similar to F-rich, peraluminous, highly evolved, and volatile-rich eruptive rocks such as the Macusani glass in SE Peru (Pichavant et al., 1987) and topaz rhyolites (Breiter, 2012 , Gioncada et al., 2014 , Raimbault and Burnol, 1998 and Xie et al., 2013 . Other topazites (Songling, Hailuoling, Tongkengzhang, Fenghuangdong and Yangbin) besides the Xianghualing No. 431 dike in southern China also share similar petrological and geochemical characteristics (Liu et al., 1996) . Most of them contain quartz and topaz as the rock-forming minerals and occasionally have fine-grained zinnwaldite. They are generally relatively rich in SiO 2 , strongly peraluminous and have a high content of F (up to 6.55 wt.%) (Liu et al., 1996) . Trace elements of topazites are rich in HFSE (Nb, Ta, Sn, W, Zr and Hf) with high values of Rb/Sr and low values of Zr/Hf and Nb/Ta.
How the evolved magma emplaced in the No. 431 dike crystallized and how the ongonite types and topazite are related to each other are discussed in the following sections, using the compositional variation and the distribution of mineral assemblages, their textures, and composition. The main features we seek to explain are: (i) the strong increase in F, Li, Sn, and W and the decrease in Na 2 O from ongonite to topazite in the upper dike; (ii) the highly porphyritic texture of ongonites throughout the dike; (iii) the euhedral-subhedral phenocrysts in core zone of the lower ongonite and upper ongonite, and the subrounded phenocrysts in marginal zone of the lower ongonite and the topazite; and (iv) the highly contrasting abundance and mineral textures of topaz, Nb-Ta oxide minerals, and cassiterite in ongonite and topazite (Fig. 4) .
Studies of natural examples and experimental results have demonstrated that liquid
immiscibility may play an important role in the evolution volatile-rich magmatic system and particularly in the evolution of Li-F-rich granitic magmas (e.g., Kamenetsky and Kamenetsky, 2010 , Peretyazhko et al., 2007 , Roedder, 1992 , Roedder and Coombs, 1967 , Shchekina et al., 2013 , Veksler, 2004 and Veksler et al., 2012 . High concentrations of alkali and earth alkali metals favor liquid immiscibility and high concentrations of non-silicate anions (e.g., F − , CO 3 2− ) permit their efficient separation. Low-pressure (72 -100 MPa), hightemperature (650-1100 °C) experiments performed by Veksler et al. (2012) have revealed that in immiscible silicate-fluoride systems, the fluoride melt strongly partitions F, Li 2 O, MgO, and CaO and moderately partitions Al 2 O 3 , Na 2 O, and K 2 O. Trace elements that most strongly partition into the fluoride melt are W, Th, and the REEs. Additionally, in carbonatesilicate systems, the carbonate liquid strongly partitions Na 2 O and CaO and moderately partitions K 2 O, Mo, and W.
The strong and abrupt increase in the concentrations of F and Li from ongonite to topazite and the increase in MgO from the upper ongonite to coexisting topazite in the No. 431 dike is thus consistent with unmixing of silicate and fluorite melts. The very low Na 2 O content and the variable K 2 O content of the topazite samples in the margin of the dike are not only suggested by the experimental silicate-fluoride partition coefficients, but could also reflect the unmixing of carbonate species, as the dike wall rocks are dominated by carbonate strata. Trace-element partitioning could have also been governed by carbonate and fluorine species, as they seem to most strongly partition the ore minerals Nb, Ta, Sn, and W that are strongly enriched in the topazite of the No. 431 dike.
The presence of the phenocrysts of K-feldspar, quartz, albite, zinnwaldite, minor topaz and columbite-(Mn) -in the structurally lower part (ongonite in the subsurface, lower part of the dike; Fig. 11a, b) and also in the near-surface part of the dike -suggests that early crystallization enriched the melt phase in elements including the network-modifiers Li and F and ore elements Sn and W (Time 1, ongonite in the near-surface, upper part of the dike, Fig. 11c, d) . The large size of the phenocrysts in ongonite indicates that crystal nucleation was slow relative to crystal growth (e.g., Hersum and Marsh, 2007 and Pietro, 2008) . Such crystallization is consistent with the presence of large amounts of volatiles and other networkmodifiers and/or extended crystallization time (Fenn, 1977 and Swanson, 1977) . Fig. 11 . : The proposed magmatic evolution of the No. 431 dike now exposed at subsurface and nearsurface locations. Crystallization of an initially homogeneous, highly differentiated magma was followed by unmixing of silicate-and fluoride-dominated melt phases that crystallized to ongonite and topazite, respectively.
In contrast, the strongly porphyritic texture of ongonites with abundant fine-grained quartz and albite along with K-feldspar, zinnwaldite, topaz, and ore minerals is consistent with subsequent rapid crystallization (e.g., Fig. 3b ). Such rapid crystallization is typically invoked to be triggered by supercooling as a function of decreasing temperature and/or the exsolution of volatile components from an originally homogeneous melt phase (e.g., Breiter et al., 2005 , Cobbing et al., 1986 , London and Morgan, 2012 and Štemprok et al., 2008 . Crystallization as a result of abrupt cooling alone is inconsistent with the occurrence of the most fractionated rocks, the topazite, along the margins of the No. 431 dike. Consistent with the compositional variation between ongonite and topazite rocks, we suggest that the fine-grained assemblage started to form when the granitic magma separated into aluminosilicate and hydrosaline melt phases that later crystallized ongonite and topazite lithologies, respectively (Time 2, Fig. 11e-h ).
Once the two melt phases had unmixed (Time 3), the low-viscosity hydrosaline melts appear to have segregated from the more viscous aluminosilicate melt toward the margin of the dike (Fig. 11i-l) . Possible driving forces for this segregation are discussed in the following section. Rare, subrounded silicate phenocrysts both in the rim zone of lower ongonite and in topazite were likely entrained from the assemblage that crystallized from the originally homogeneous silicate melt phase. They were then partially resorbed while hosted by the hydrosaline melt phase (e.g., Fig. 11f, h ). At this stage, abundant quartz, topaz, zinnwaldite and ore minerals crystallized. Notably, most of the Sn that was originally present in the magma was carried in the hydrosaline melt to the margin of the dike, where cassiterite precipitated.
Comparison of ore mineral assemblages in the ongonites and topazite
The common accessory minerals in the No. 431 dike are columbite-tantalite, tapiolite, microlite, uraninite, rutile, hubnerite-ferberite, and zircon. Details of the distribution of the main ore minerals in the different rock types are provided in Table 7 . As shown by the mineralogical descriptions, the ongonites and topazite in the No. 431 dike display distinct Nb-Ta-Sn oxide mineral associations. In the ongonite of the lower dike, raremetal elements are dominated by columbite-tantalite, together with tapiolite and microlite, but are free of cassiterite. Commonly, the subhedral Ta-poor columbite-(Mn) crystals are intergrown with rock-forming minerals, and they may indicate early magmatic crystallization. The progressive zoning in columbite-(Mn), comprising an increase in the Ta content from core to rim, can be attributed to the gradual differentiation of the magma. The experimental work of Linnen and Keppler (1997) and Linnen, 1998 and Linnen, 2004 suggests that the solubility of the Ta-rich end-member is higher than that of the Nb-rich member of columbite in peraluminous granites or pegmatite melts, similar to the relationship between the Fe-rich members relative to the Mn-rich members. Therefore, the coexisting tapiolite and tantalite-(Fe) represent the products of late-stage magmatic or possibly deuteric hydrothermal crystallization. Tapiolite is commonly found in pegmatites and granites that have undergone a highly evolved magmatic process (Beurlen et al., 2008 , Černý et al., 1989a , Černý et al., 1989b , Chudik et al., 2008 , Novák et al., 2003 , Rao et al., 2009 , Wang et al., 1997 and Zhang et al., 2004 , and the fact that the tapiolite-tantalite pair plot at the appropriate boundary of the miscibility gap can probably be attributed to exsolution from an unstable homogeneous precursor (Černý et al., 1989a and Černý et al., 1989b) . Fluorite is usually present in the mineral assemblage of tapiolite, tantalite, and microlite, suggesting crystallization from an Frich liquid. Overall, the variations in the composition of columbite-tantalite and tapiolite reflect a highly differentiated and relatively Fe-richer magma system.
In the ongonite of the upper dike, columbite-(Mn) also occurs, and it is associated with a small amount of cassiterite. In the topazite that coexists with ongonite in the upper dike, NbTa oxide minerals become less abundant, but their composition is similar to those in the coexisting ongonite. Interestingly, there is an abundance of Nb-Ta oxide minerals in the ongonite, but a large amount of cassiterite only appears in the topazite. In particular, the cassiterite occurs as two distinct types. First, subhedral grains of cassiterite are associated with zircon and hubnerite (Fig. 10a) Granitic rocks rich in the rare elements are generally strongly enriched in F, and they are characterized by the crystallization of Nb-Ta-Sn ores, which may be directly linked to magmatic processes. Typical examples are found in the Beauvoir granite of the French Massif Central (Cuney et al., 1992 and Wang et al., 1992) , in the Yichun granite of Southern China (Belkasmi et al., 2000 and Huang et al., 2002) , and in the Czeck Podlesí granite (Breiter et al., 2007) . It is particularly noted that Nb-Ta-Sn ores may be deposited at various stages of differentiation as coexisting columbite-tantalite and cassiterite are commonly disseminated in various facies of these granites. However, cassiterite may also be deposited in hydrothermal quartz veins, whereas columbite-tantalite is never found in such veins. In this study of the Xianghualing No. 431 dike, it was noted that the dike has two distinct types of rare-mental mineralization: Nb-Ta mineralization in the ongonites and Sn mineralization in the topazite. This apparently contrasting feature of Nb-Ta versus Sn mineralization differs from what is found in granites that are similarly enriched in rare-elements, and the difference may possibly be linked specifically to the highly F-enriched, high-level or near-surface emplacement of the Xianghualing Nb-Ta-Sn-enriched melt that permitted the efficient segregation of aluminosilicate and hydrosaline melts. As mentioned above, the ongonites of No. 431 dike are thought to be the product of extreme fractional crystallization of an F-rich granitic magma and unmixing of a silicate and fluoride-rich melt phases. The ore elements were likely present in the melt as complexes of TaF 8 3− , NbF 7 2 − , and SnF 6 2 − . The solubility of Nb, Ta, and Sn in the high-F fluids was maintained for a long time. At 600 °C, 120-490 ppm Nb is required for columbite saturation in a melt with 2 wt.% F (Linnen, 1998 and Linnen and Keppler, 1997) . Simultaneously, the Nb-and Ta-complexes are sensitive to the Li-content in the melt. Breiter et al. (2007) confirmed that columbite often crystallized immediately after Li-mica (zinnwaldite), while the Li-contents decreased rapidly. As a result of both factors, the complexes of Nb and Ta were depolymerized easily, and the Nb-Ta minerals began to precipitate early from the ongonite melt. However, Bhalla et al. (2005) observed an increase in cassiterite solubility with increasing F in peraluminous melts. Obviously, the crystallization of abundant topaz in the ongonites and topazite would have rapidly caused a decrease in the activity of F in the melt. As a result, the cassiterite could crystallize during the post-magmatic and hydrothermal stages, and even varlamoffite could form in the cavities. Therefore, the increase in the F content of the melt that produced the No. 431 dike would inevitably have led to tin mineralization in the strongly F-enriched topazitic melts.
The observed trends of increasing Fe in columbite group minerals in ongonite of the lower dike as compared to increasing Mn in columbite group minerals in ongonite and topazite of the upper dike ( Fig. 12; Table 4 ) reflect a decrease of whole-rock FeO t /MnO value from lower to upper part of the dike (Table 1 ). The compositional trends of the columbite minerals also concur with Mn-poor zinnwaldite in lower ongonite and Mn-bearing zinnwaldite in upper ongonite and topazite (Table 3) . We therefore interpret the two different compositional trends shown in Fig. 12 to reflect the overall increase of differentiation from lower to upper parts in the dike. Aluminosilicate-dominated and hydrosaline melt phases as those inferred to have crystallized ongonite and topazite of the No. 431 dike differ in density and viscosity. Hydrosaline melts have low densities and low viscosities compared to aluminosilicate-dominated melts , Peretyazhko, 2010 , Veksler, 2004 and Veksler and Thomas, 2002 , and the density contrast of the two melt phases could thus have caused segregation of the hydrosaline melt into structurally higher positions. However, the zoning of both lower ongonite from core to margin (as revealed in drill core) as well as upper ongonite to topazite (as exposed in the exploratory trench) suggests that the hydrosaline melt separated toward both -the upper and the lower -dike margins, which cannot be explained by simple densitydriven segregation. Temperature gradients between dike interior and country rocks could have also affected the segregation of the two melt phases. However, if temperature was the main driving force for segregation we would expect that the least evolved ongonite rocks would have crystallized along the colder dike margins and the more evolved ongonite rocks and topazite would have crystallized in the dike interior.
Another possible explanation -and our preferred interpretation -is that continued dike propagation/widening caused the partial (in subsurface ongonite) to significant (from nearsurface ongonite to topazite) segregation of hydrosaline from aluminosilicate melt. Elastic propagation rates for fractures exceed viscous flow rates of silicate magmas (e.g., Clarke et al., 1998 and Rubin, 1993) , and dike propagation/widening will therefore create a pressure gradient and may shortly create a vacuum. The least viscous material of the dike -the hydrosaline melt -will have been instantly drawn into the low-pressure zone, and thereby largely separated from the aluminosilicate melt. The greater width of the dike as exposed in the exploratory trench relative to the drill core could reflect that the dike opened further at this structurally higher position, which caused a more advanced segregation of the two melt
